It is a curious fact that in spite of the availability of human hair, its chemical composition has never been thoroughly studied. While numerous papers appeared between 1880 and 1920 dealing with this keratin, most of them were concemed with the sulphur and cystine contents and with the effect of age, sex, race etc., on the sulphur content of hair; most of these data are based on unreliable methods. Recent studies have led to the development of more trustworthy procedures [Rimington, 1929] and the results so obtained have invalidated previous conclusions.
Toronto, Canada (Received 12 September 1940) THE amount of accurate information concerning the composition of keratin hydrolysates is very limited. Wool has received more study than most keratins, but even in it about 60 % of the protein has still to be accounted for. More knowledge about the amino-acids in keratin hydrolysates should not only prove useful to those interested in the constitution of such proteins but might also have the immediate practical result of revealing a new source for some aminoacids.
It is a curious fact that in spite of the availability of human hair, its chemical composition has never been thoroughly studied. While numerous papers appeared between 1880 and 1920 dealing with this keratin, most of them were concemed with the sulphur and cystine contents and with the effect of age, sex, race etc., on the sulphur content of hair; most of these data are based on unreliable methods. Recent studies have led to the development of more trustworthy procedures [Rimington, 1929] and the results so obtained have invalidated previous conclusions.
Buchtala [1907] attempted to apply Fischer's ester-distillation method to a hair hydrolysate. The mono-amino-acids thus obtained accounted for only about 30 % of the protein and the analytical data for some of the acids isolated did not indicate a very high degree of purity; only limited quantitative significance can be attached to the figures given (glycine 9-1, alanine 6-9, leucine 1241, phenylalanine 0-6, tyrosine 3-3 %). Buchtala also reported values of 8-0 % for glutamic acid and 14-5 % for cystine, the latter being calculated from the sulphur content of impure fractions obtained by direct crystallization. Block et al. [1939] have reported more recent determinations of some of the amino-acids in human hair, but the summation of these latest data accounts for less than 40 % of the hair keratin.
The instability of cystine and its derivatives has been found to lead to difficulties in the analysis of keratins no matter wbich of the usual methods for the separation of the amino-acids is used; if a procedure could be devised for the complete removal of cystine, without at the same time rendering the solution of the remaining amino-acids unworkable, the problem of keratin analysis would be greatly simplified. Such a method will be described in this paper.
Older procedures for removing cystine from keratin (hair or wool) hydrolysates involved neutralization of the acid used for the hydrolysis by alkali or buffering with sodium acetate, thereby producing large quantities of inorganic salts which remained with the other imino-acids. Not only do such methods introduce much undesirable inorganic matter, but they usually leave one-third ( 1356 ) to one-half of the cystine in solation in the mother liquors [Barritt, 1927; Wilson & Lewis, 1927; Toennies & Bennett, 1935-6] . Separation of the basic' aminoacids from such a mixture is difficult [Vickery & Leavenworth, 1929] and of the other amino-acids almost impossible. If sulphuric acid be used for the hydrolysis it may be removed with'-baryta, but there are several disadvantages to this procedure. Addition of powdered baryta or of hot saturated solutions is lable, to cause excessive local alkalinity with partial racemization and destruction of cystine; cold saturated baryta solution cannot conveniently be used because of the excessive volume required. In both cases large losses of nitrogen occur by adsorption on the precipitate of BaSO4.
A few years ago it occurred to one of us (C. C. L.) that by some modification of the cuprous oxide procedure [Hopkins, 1929; Pirie, 1931] which proved so useful in the hands of Vickery & White [1933] and others, cystine might be removed from keratin hydrolysates without spoiling the mixture for subsequent investigation. It was hoped that cuprous oxide might be used (1) to reduce the cystine quantitatively to cysteine, thus avoiding the introduction of zinc or tin, (2) to precipitate the cysteine as cuprous mercaptide, (3) to neutralize excess (mineral) acid to such a pH as to give quantitative removal of the mercaptide, thus avoiding the addition of alkali or acetate. Preliminary experiments in 1934-5 showed that cuprous oxide would indeed reduce cystine to cysteine and precipitate it under certain conditions, but the observation was not followed up at the time and shortly afterwards Rossouw & Wilken-Jorden [1935] reported a similar finding, viz. that cuprous chloride would reduce cystine and precipitate cysteine cuprous mercaptide. Owing to the pressure of other duties the matter was not touched again until 1937 when the possibility came to mind that, byusing a sufficiently concentrated hydrolysate, the cuprous oxide (or chloride formed by the residual HCI) would be dissolved by the amino-acids, allowing the reactions to occur in solution without the necessity of using a salt or acid solvent for the cuprous compound as was done by Rossouw & Wilken-Jorden. Conditions for the realization of all four of these hopes were soon established. A simple procedure was developed which not only removes cystine from keratin and other hydrolysates in such a way as to leave the mother liquor in a workable condition but which' also permits a good recovery of pure, crystalline eystine. This procedure has been used in this laboratory for several years and since it has proved of great value to us for certain types of investigation it may be useful to others.
Two equations have been proposed to explain the appearance of cysteine when heavy metals are used to precipitate cystine: 3RSSR+3H2 R.'SO3H+5RSH, ......
2RSSR+2H20-> R . SO2H+3RSH.
......
(2) However, in the presence of CU20 the reaction may follow the course indicated by equations (3) and (4) which may be summed to give equation (5) RSSR+Cu20 +H20--2RSH+2CuO The use of cuprous oxide for the direct removal of cystine from a protein hydrolysate was studied by adding known amounts of cystine to solutions of pure anino-acids and to hydrolysed gelatin. When the removal and .recovery .of cystine from these mixtures were shown to be satisfactory, hydrolysates of several types of hair were treated by the procedure adopted; cystine was quantitatively removed (and readily isolated in good yield) leaving the other aminoacids in a form easily amenable to further examination. From -many preliminary experiments four only will be described in detail and one separation of cystine from a human hair hydrolysate will be outlined. The use of various volumes of water for the precipitation showed that with less than 10-12 vol. the immediate precipitation was followed by a slower one which required maVy hours for completion, but which could be accelerated by further dilution. The dilution finally chosen as giving the maximum rate and completeness of precipitation, without excessive dilution, was 15 vol. of water.
The several precipitates (A, B and C) from each mixture were combined, washed twice with cold water, suspended in water and freed from copper with H2S3. The several blue-green supernatants were also freed separately-from copper with H2Sr After careful removal of H2S the supernatants were tested for cystine with sodium nitroprusside in the presence of sodium cyanide. No cystine could be detected in those supernatants which had had 0-4 g. CU20 or more per g. of total amino-acids, i.e. the amount of cystine left unprecipitated in a mixture such as the above was less than 4 mg. (0.01 mg. per, ml., which is about the limit 'of sensitivity of this test). The solutions obtained by removing the copper from the white mercaptide precipitates were found (iodimetrically) to contain most of the' cystine, the greater part being in the form of cysteine. However, more nitrogen was found in these solutions than could be accounted for as cysteine [cf. Graff et al. 1937] . Since some cupric ion is formed during the reduction -of the cystine, part at least of those amino-acids. forming insoluble cupric salts (leucine, phenylalanine, tyrosine, aspartic acid) would probably also be precipitated under. these conditions. The removal of these by a suitable washing technique was neit studied.
Ext. 2. Wa8hin of the cuprous mercaptide prepitate Some preliminary tests of the' washing of the crude cuprous mercaptide precipitate showed that water alone dissolved the "non-cystine-N" very poorly; 0-5 N 112S04 was a much better solvent for this purpose but unfortunately it tended to dissolve significant amounts of the mercaptide. This led to the washing procedure being examined in more detail, using both human hair and gelatin hydrolysates (the latter containing known amounts of added cystine), in order to test the general applicability of the precipitation and washing procedures adopted.
A human hair hydrolysate (prepared as described in detail later) was concentrated to give a 40 % solution of amino-acids and the cuprous mercaptide was precipitated from two portions (125 and 25 ml.) in the usual way with a slight excess of cuprous oxide. Both precipitates were washed four times with water, in centiifuge pots, the volume used each time being 5 ml. per g. of hair repre- Cystine-N in original mixture = 116*5 Therefore N precipitated in excess of cystine-N= 88 The cuprous mercaptide was washed in centrifuge pots three times with 75 ml. portions of very dilute H2S04 (the first two being 0-05N, the third 0 1 N), and finally with water. The individual washings were analysed for N, then freed from copper with H2S and after complete removal of the latter were tested for cystine with cyanide-nitroprusside. Only barely detectable traces of cystine were-found although the acid solutions contained much of the non-cystine-N (total of 70 mg.) originally present in the crude mercaptide precipitate. The mercaptide was suspended in water and decomposed with H2S; the copper sulphide was washed twice with water saturated with H2S and once with 0-005N H2SO4. In this experiment the copper sulphide was not analysed for adsorbed N, although subsequent work has shown that 1-5-2 mg. per g'. are usually adsorbed. After exact removal of sulphate from the combined solutions (with BaCl2) the mixture was taken to dryness in vacuo. When brought to constant weight over flake NaOH and conc., H2S04, the cysteine hydrochloride weighed 1-272 g. (corrected for aliquots removed for tests) and contained 8-5% N; weight expected. 1-311 g., theoretical N 8 89 %. On dissolving this hydrochloride in water, making it alkaline with ammonia, aerating to a negative -SH test and bringing to the isoelectric point of cystine with acetic acid, 82 % of the cystine originally taken was recovered. However, if te yield be calculated on the weight of crude cysteine hydrochloride oxidizved, the recovery was 854 %. The difficulties involved in the quantitative recovery of cystine from cysteine by aeration of an ammoniacal solution are well known, having been discussed by Harris [1923] and others. It was decided in future work to investigate other oxidation procedures.
While the weight of the crude cysteine hydrochloride accounted for 97 % of that expected, its N content was low and the cystine recovered from it was only 82 % of that originally taken. The first figure indicated that equation (5) represents the reaction involved, but the latter figure might be considered to be more in agreement with equation (2) . To settle the point the following experiment was conducted.
Exp. 4. Recovery of cystine from a mixture of pure amino-acids The following mixture of pure amino-acids was dissolved in about 150 ml. of N HlU and the mixture was twice taken to dryness in vacuo to remove the excess mineral acid. The cuprous mercaptide was suspended in 250 ml. water and decomposed with H2S. The mixture was centrifuged and the copper sulphide washed once in a centrifuge pot with 200 ml. H2S-water, ground in a mortar to a smooth sludge and washed four times more with OO1 N HCI, saturating each time with HIS. This exhaustive washing is necessary to remove as much cysteine as possible. The dry weight of the copper sulphide was 13-77 g.; it still retained 16-5 mg. N.
The combined cysteine solutions were evaporated to dryness in vacuo under nitrogen. The residue was dissolved in 02-free water and made up to 50 ml. An aliquot of 2 ml. was diluted to 100 ml. and portions were analysed for N and cysteine. The cysteine fraction contained 298 mg. N; by Sullivan's highly specific colorimetric procedure [Sullivan & Hess, 1937 ] 2 40 g. cysteine were found.
The main cysteine solution was made 1-2N with respect to HC1 and oxidized with a strong iodine solution (1-25N) at a temperature below -5° [Lucas & King, 1932] . The iodine was added dropwise until a yellow colour persisted for over 2 min.; 18-3 milli-equiv. were required, corresponding to 2-195 g. cystine in the 48 ml. or 2-29 g. in the whole solution. The oxidation mixture was concentrated in vacuo to remove as much HC1 and HI as possible. The concen-trate, which finally changed in colour from yellow to brown (traces of free iodine?) was diluted to 75 ml. and almost neutralized with NaOH. The pH was then adjusted to 4-8 with sodium acetate. By performing the neutralization very slowly with vigorous mechanical stirring the cystine was obtained in beautifully formed hexagonal plates. Yield (corrected for aliquots) 2-24 g. (89-3 %); N, 1168, 11*67 % (calc. 11-65 %). Colorimetric comparison by Shinohara's [1935] method with a repeatedly recrystallized sample of cystine also showed the recovered cystine to'be pure.
Since our experience with iodimetric oxidatiQn has shown that the recovery of cystine from cysteine rarely ex'ceeds 95 %, the 89-3 % overall recovery which was found indicates that the cysteine solution obtained from the cuprous mercaptide must have contained practically 95 % -of the original cystine (confirmed by analytical' data above). This effectively excludes reactions of the type shown in equations (1) and (2) and establishes the validity of the assiumptions involved in equation (5).
Removal'of cy8tine from keratin hydroly8ate8 Human hair from a barber's shop, carefully picked over to remove gross impurities, was washed with six changes of distilled water to eliminate dust and other extraneous matter. After being air-dried it was washed in five changes of pure light petroleum, refluxed with several changes of alcohol and finally extracted for some hours with ether in a large Soxhlet apparatus. It was dried in a current of warm dry air (35A40') and kept in tightly stoppered bottles.
The hair thus prepared had a moisture content of 8-06 % (constant weight over P205 in vacuo at room temperature for 1 month), ash 0.50 %, N 16-2%, S 5 00 % (the two latter calculated on an ash-and moisture-free basis).
Preliminary experiments showed that boiling with 8-9N HCI on a sand bath caused rapid liberation of amino groups during the first hour, a distinct slowing of the process by the third hour, a gradual increase to a maximum figure at 10-5-12 hr. and then a very gradual decrease over a very long period. The rate of liberation of cystine. was also followed, using Lugg's [1933] modification of Sullivan's procedure, and a maximum was noted at about 6-7 hr., in good agreement with the findings of Merrill [1921] and Rimington [1929] who made similar studies on wool. The maximum amino-N by Van Slyke's [1911; 1913] [1931] figure of 1656% for human hair.
CO2 and H2S are given off during the hydrolysis, about 350 mg. of the former and 7 mg. of the latter per 100 g. hair, after 11 hr. boiling.
N distribution was determined on one hydrolysate with the results shown in Table 3 .
The isolation of cystine was carried out on a hydrolysate from 328 g. hair (equivalent to 300 g. ash-and moisture-free keratin) refluxed with 1600 ml. 9N HCI on a sand bath for 11 hr. After one evaporation in vacuo to remove excess HCI the hydrolysate was d,luted, melanin was filtered off, washed five times with dilute HCl and the combined filtrate and washings were evaporated to a thick syrup three times before making up to 1200 ml. An aliquot of 1 ml. was removed, diluted to 50 ml. and used for N and cystine determinations. Monoamino-acid-N +non-amino-N 47-32 44*9 * Corrected for solubility of phosphotungstates (Plimmer).
The remaining solution was ground in a mortar with 300 g. red cuprous oxide. Some of the oxide remained unchanged''even after 30 min. grinding. The mixture was added slowly with constant stirring to 12 1. of ice-water; after being left in the refrigerator for 2 hr. the greyish white mercaptide was filter'ed off by suction. It was thoroughly washed by suspending it three times in 500 ml.
portions of ice-water, rubbing to a smooth suspension and filteTing with suction to a dry bard cake. The total ifitrate contained 37-450 g. N, from which figure the N content of the crude mercaptide can be calculated to be 10-69 g., a value considerably in excess of 'the 5-73 g. N exp'ected if one calculates from the cystine figure obtained by the Sullivan method. The direct cuprous oxide precipitation as used does not possess very great specificity.
The crude mercaptide precipitate was washed as above with three 500 ml. portions of 0-ION H2S04 and given a final wash with 700 ml. cold water, The N thus removed was' 1-24 g. The mercaptide was suspended im 31. of water and copper removed with H2S. The copper sulphide was washed four times by suspending in 31. of water each time, saturating with H2S and' centrifuging.
The dried sulphide weighed 380 g. and contained 697 mg. N.
The ifitrate (cysteine hydrochloride solution)-was concentrated in vacuo'and several hundred milli-equiv. of HCI were thus removed. The solution was made up to 500 ml. and 1 ml. was taken'for N determinations. The solution, which was found to contain about 3-5 g. non-cystine-N, was ground in a mortar with a slight excess of CU20 (100 g.) and the suspension wa-s poured slowly with constant stirring into 15 vol. of ice-water. After 2 hr. in the refrigerator, the white granular mercaptide was filtered'with suction, washed by suspending in 11. of ice-water and again sucked to .dr.yh -ca&The--filtrAentaied-2-71 g. non-cystine-N and traces (125 mg.) Leavenworth, 1929] . Buchtala [1907] claimed to have isolated 14-5 % but this figure was in part arrived at by calculation from the S content of very impure fractions; the same remarks apply-to Barritt's figure of 13O0%. Barritt [1927] and others [Hopkins, 1929; Harris, 1923; Rimington, 1929; Toennies & Bennett, 1935-6] have commented on the usual inability to isolate more than 60-70% of the cystine-sulphur of keratins or any other protein as reasonably pure cystine. The cuprous oxide procedure described above affords a considerable improvement' in this regard. The cystine figure of 148 1% (material obtained in pure crystalline form) corresponds to 79 % of the keratin-S; if the S in impure fractions of cystine be included the fraction accounted for reaches 85 %. Further improvements in lad the method will doubtless enable still larger proportions of cystine to be isolated in pure crystalline form.
The use of cuprous oxide not only makes it possible to recover the cystin,e in excellent yield and high purity but separates the cystine quantitatively from the other amino-acids and in such a way that the remainder of the hydrolysate is in a form suitable for the application of other isolation procedures. The value of this reagent is further enhanced by the fact that it removes from the dark hydrolysate practically all of the chloride ion and also colloidal colouring matter which tends to inhibit crystallization [cf. Abderhalden & Fuchs, 1908] . After removal of copper from the main filtrate containing the other amino-acids, an almost water-clear or pale straw-coloured solution is obtained.
In view-of the results obtained in this study a note of warning concerning the analytical use of cuprous oxide' as a reagent for cysteine seems warranted. Graff et al. [1937] claim that the specificity of cuprous oxide for cysteine is so marked that when it is added to a reduced protein hydrolysate the precipitate obtained is pure cysteine cuprous mercaptide. The analytical data 'presented in their paper certainly appear to support that-statement, but none of our experiments have given quite such desirable results. While the direct use of cuprous oxide on an unreduced solution cannot be compared with their procedure, the reprecipitation of the cysteine fraction'should be more nearly comparable, yet even here 8-8 % of the N in the mercaptide was found to be non-cysteine-N. Experiments with pure amino-acids (as hydrochlorides) either alone or mixed with cysteine, proved that considerable quantities of some, particularly glycine and arginine, are precipitated by cuprous oxide under the conditions used by us. While these findings do not necessarily disprove the results of Graff et al. [1937] , since our materials and conditions are not identical with theirs, considerable suspicion is castupGnthe reliability9f cuprous oxide as a highlyspecific precipitant for cysteine in protein hydrolysates. Certainly little trust should be placed in the accuracy of cysteine determinations based upon the nitrogen content of mercaptide precipitates.
However, in spite of its lack of complete specificity, cuprous oxide should be considered a valuable reagent because of its relative specificity for sulphydryl compounds. Its specificity has proved sufficient to be of great value in improving the isolation of cysteine, just as it did in the case of glutathione [Hopkins, 1929,; Pirie, 1931] . Its value as an analytical reagent depends upon its use in the manner described by Vickery & White [1933] 
